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ABSTRACT
Context. The hydrogen fluoride (HF) molecule is seen in absorption in the interstellar medium (ISM) along many lines of sight.
Surprisingly, it is observed in emission toward the Orion Bar, which is an interface between the ionized region around the Orion
Trapezium stars and the Orion molecular cloud.
Aims. We aim to understand the origin of HF emission in the Orion Bar by comparing its spatial distribution with other tracers. We
examine three mechanisms to explain the HF emission: thermal excitation, radiative dust pumping, and chemical pumping.
Methods. We used a Herschel/HIFI strip map of the HF J = 1→ 0 line, covering 0.5′ by 1.5′ that is oriented perpendicular to the
Orion Bar. We used the RADEX non-local thermodynamic equilibrium (non-LTE) code to construct the HF column density map. We
use the Meudon PDR code to explain the morphology of HF.
Results. The bulk of the HF emission at 10 km s−1 emerges from the CO-dark molecular gas that separates the ionization front from
the molecular gas that is deeper in the Orion Bar. The excitation of HF is caused mainly by collisions with H2 at a density of 105 cm−3
together with a small contribution of electrons in the interclump gas of the Orion Bar. Infrared pumping and chemical pumping are
not important.
Conclusions. We conclude that the HF J = 1→ 0 line traces CO-dark molecular gas. Similarly, bright photodissociation regions
associated with massive star formation may be responsible for the HF emission observed toward active galactic nuclei.
Key words. Astrochemistry – ISM: photon-dominated region (PDR) – ISM: molecules
1. Introduction
The penetration of UV−photons (hν < 13.6 eV), emitted by mas-
sive stars, leads to bright regions at the edges of molecular clouds
that are called photo-dissociation regions (PDRs)1 (Hollenbach
& Tielens 1999; Wolfire et al. 2003). PDRs can also be seen
in high-mass star-forming regions, protoplanetary disks, and the
nuclei of active galaxies. The penetration of FUV photons regu-
lates the thermal and chemical balance of the gas in a PDR. The
gradual decrease of the FUV flux in a PDR results in a layered
structure (Tielens et al. 1993) where a chemical phase transition,
such as H+ → H → H2 and C+ → C → CO, occurs (Kaufman
et al. 1999; Wolfire et al. 2003).
The Orion Bar is a prototypical PDR at a distance of 414 pc
(Tauber et al. 1994; Menten et al. 2007), located between the
Orion molecular cloud and the Orion Nebula, the HII region
surrounding the Trapezium stars. Observations at infrared and
sub-millimeter wavelengths first indicate a geometry for the bar
where the PDR is wrapped around the Orion Nebula and second,
changes from a face-on to an edge-on view in the Orion Bar
? Herschel is an ESA space observatory with science instruments pro-
vided by the European-led Principal Investigator consortia and with im-
portant participation from NASA.
1 We prefer this term over photon-dominated region, because HII re-
gions and AGN nuclei are also dominated by photons; however, we
use the term photo-ionization of atoms rather than photodissociation
of molecules).
where the molecular emission peaks (Hogerheijde et al. 1995;
Walmsley et al. 2000). The mean temperature of the molecu-
lar gas in the bar is 85 K, while the temperature rises to several
100 K toward the ionization front (Ossenkopf et al. 2013), where
the emission from polycyclic aromatic hydrocarbon (PAH) par-
ticles and vibrationally excited H2 are observed (Walmsley et al.
2000).
While the temperature structure of the Orion Bar is reason-
ably well understood (Tielens & Hollenbach 1985; Ossenkopf
et al. 2013; Nagy et al. 2017), the same cannot be said about
the density structure. The mean density of the molecular gas
is 105 cm−3, but single-dish observations already indicate the
presence of random small-scale density variations, usually called
"clumps" (Hogerheijde et al. 1995), which are also seen toward
other PDRs (Stutzki et al. 1988; Wang et al. 1993). While inter-
ferometric observations have confirmed the presence of clumps
(Young Owl et al. 2000), the densities of both the clumps
and the interclump medium are somewhat uncertain. The inter-
clump medium probably has a density between a few 104 and
2 × 105 cm−3 (Simon et al. 1997), while estimates of the clump
density range from 1.5 × 106 cm−3 to 6 × 106 cm−3 (Lis &
Schilke 2003). Goicoechea et al. (2016) show the presence of
even denser and small gas clumps that are close to the edge of
the cloud using high-resolution Atacama Large Millimeter Array
(ALMA) observations.
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In addition to gas clumps, dust condensations in the Orion
Bar were found by Qiu et al. (2018). These condensations have
temperatures between 50 − 73 K and masses of between 0.03 −
0.3 M, and are very compact, that is, r < 0.01 pc. They are
located right behind the PAH ridge of the Orion Bar.
We study the origin of the HF emission in the Orion Bar
by using a map of the HF J = 1→ 0 line. We also investi-
gate whether we can use HF as a tracer of CO-dark molecu-
lar gas or not. HF is an F-bearing hydride molecule which has
been established as a surrogate tracer of molecular hydrogen in
diffuse clouds (Emprechtinger et al. 2012). Halogen-containing
molecules like HF have a unique thermochemistry (Neufeld &
Wolfire 2009). In particular, only fluorine has a higher affinity to
hydrogen than hydrogen itself so that the reaction,
H2 + F HF + H,
is exothermic. Models by Neufeld & Wolfire (2009) predict that,
in the presence of H2, all of the gas phase fluorine is rapidly
converted into HF, resulting in an abundance of ∼2 ×10−8 in dif-
fuse clouds, that is, they are close to the Solar fluorine abundance
(Neufeld et al. 2010). Herschel observations of the HF J = 0→ 1
line confirm this prediction: the line is seen in absorption toward
several background sources, with abundances of ∼2–3 ×10−8
(Neufeld et al. 2010). Toward dense clouds, the HF abundance
is measured to be ∼100 times lower (Phillips et al. 2010), sug-
gesting significant depletion of F on grain surfaces. In PDRs, the
destruction of HF occurs by photo-dissociation (Neufeld et al.
1997) at a rate of 1.17 × 10−10 s−1 χUV, where χUV is the mean
intensity of the radiation field that is normalized with respect
to the standard interstellar UV-radiation field of Draine (1978).
In addition, reactions with C+ can be an important destruction
channel (Neufeld & Wolfire 2009).
HF has been detected in extragalactic sources; such as in
emission toward Mrk 231 (van der Werf et al. 2010), as a P
Cygni profile toward Arp 220 (Rangwala et al. 2011), and in
absorption toward nearby luminous galaxies (Monje et al. 2014)
as well as the Cloverleaf quasar at z = 2.56 (Monje et al. 2011b).
The ground state transition of HF, that is, J = 0→ 1 appears
in absorption in many Galactic lines of sight (Neufeld et al.
1997, 2010; Sonnentrucker et al. 2010; Monje et al. 2011a; Em-
prechtinger et al. 2012; van der Wiel et al. 2016). In contrast,
IRC+10216, a well-known Galactic asymptotic giant branch
star, shows HF in emission (Agúndez et al. 2011). The large
dipole moment of HF and the high frequency of its ground state
transition indicate that radiative decay to the ground state is
swift. At the low densities of the diffuse ISM, most of the HF is
in the rotational ground state and emission would be very weak.
This explains why HF can then be readily detected in absorption
toward strong background sources. As an exception, the HF J
= 1→ 0 line is observed in emission in the Orion Bar (van der
Tak et al. 2012a), which is illuminated by the Trapezium stars.
Three hypotheses are suggested to explain the HF emission: ther-
mal excitation by collisions with H2 or other species; radiative
pumping by warm dust continuum or H2 line emission at ∼2.5
µm; or chemical pumping where most HF is formed in excited
rotational states. To address this issue, we analyzed a spatial map
of the HF emission in the Orion Bar.
We organize the paper as follows. In Section 2, we describe
the observations, observing modes, and data reduction. In Sec-
tion 3, we present direct observational results, while Section 4
consists of the analysis of the data and a comparison of tracers.
In Section 5, we discuss the hypotheses and the most efficient
excitation mechanism for the HF emission. Finally, in Section 6,
we summarize our main conclusions.
CO+ PEAK
Theta1Orionis C
HF BEAM
Fig. 1. Spitzer 8 µm map of Orion Bar. Blue contours show H13CN J
= 1→ 0 (Lis & Schilke 2003), which traces dense gas clumps, white
contours are 12CO J = 1→ 0 (Tauber et al. 1994), which traces molec-
ular gas, and black contours are [OI] 6300 Å (Weilbacher et al. 2015),
which traces the ionization front. The red squares show the HF strip
map perpendicular to the Orion Bar.
2. Observation and data reduction
The observations were made with HIFI (de Graauw et al. 2010)
onboard Herschel (Pilbratt et al. 2010) on 2012 August 28 with
observation id (obsid) 1342250409. The area mapped in HF is
outlined on emission maps of various molecular tracers in Fig-
ure 1 assembled on the Spitzer 8 µm map. Receiver 5a was used
as the front end for mapping of the Orion Bar in OTF mode,
where data are taken continuously while the telescope scans
back and forth across the source. In total, one thousand spec-
tra have been obtained. The acousto-optical Wide-Band Spec-
trometer (WBS) was used as the back-end with full frequency
coverage of intermediate frequency (IF) 4 GHz bandwidth in
four 1140 MHz sub-bands which have a spectral resolution of
1.1 MHz and a velocity resolution of 1 km s−1 that is smoothed
from the native resolution of 0.2676 km s−1.
The HF map of the Orion Bar was centered on the CO+ peak,
that is, α = 05h35m20.8s, δ = -05
◦
25
′
17.10
′′
(J2000). Reference
spectra have been taken ∼5.5′ away at α = 05h35m45.0m, δ =
-05
◦
26
′
16.9
′′
(J2000). The total integration time (OTF + Ref-
erence observation) is 105 minutes. The dobule-sideband sys-
tem temperature (Tsys) is 920 K. The full width at half maxi-
mum (FWHM) beam size at 1232.476 GHz is 18.1
′′
which cor-
responds to 7500 AU or 0.036 pc at the distance of the Orion
Bar.
We inspected the data in the Herschel Interactive Process-
ing Environment (Herschel Science Ground Segment Consor-
tium 2011, HIPE) version of 15.0.0 for both polarizations. The
level 2 data, produced by HIFI-pipeline (Shipman et al. 2017),
were exported as a FITS file for further processing in CLASS,
which is a sub-package of GILDAS (Gildas Team 2013). We
have estimated the baseline by using a second degree polyno-
mial fit over the entire channel range. After that, we have con-
verted the intensity scale to Tmb using the mean beam efficiency
of 64% provided by Roelfsema et al. (2012) to obtain the line
parameters. Finally, we have created an integrated intensity map
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Fig. 2. Map of integrated (between 5 − 13 km s−1) HF J = 1→ 0 inten-
sity overlaid with [OI] 6300 Å, which traces the ionization front of the
Orion Bar and is shown with black contours, and the H13CN dense gas
tracer, shown in blue contours. The positions where the three spectra
in Figure 3 were extracted are indicated by numbers 1 through 3. The
black circle shows the (18.1
′′
) FWHM HIFI beam and the pixel size in
this map is 4.5
′′
. SMA8 denotes a dust condensation (Qiu et al. 2018).
The light green star denotes the HF peak. The black star shows the CO+
peak.
over the 5 − 13 km s−1 range. The data cube is the combination
of individual spectra at each position.
3. Results
Fig. 2 shows our HF integrated intensity map of the Orion Bar.
The HF emission appears as a bright ridge separating the ioniza-
tion front – traced by [OI] 6300 Å (Weilbacher et al. 2015) – and
the dense molecular clumps – traced by H13CN J = 1→ 0 (Lis &
Schilke 2003) – deeper in the PDR (Fig. 2). Faint HF emission
is also observed toward the HII region and the molecular cloud,
where we note that the former is brighter than the latter.
Table 1. Parameters of Gaussian fits in Figure 3.
Position VLSR
∫
Tmb∆V ∆V Tmb
No (km s−1) (K km s−1) (km s−1) (K)
1 8.5 (0.1) 3.7 (0.1) 3.6 (0.1) 1.05
2 10.2 (0.1) 8.5 (0.2) 4.4 (0.1) 1.85
3 10.1 (0.1) 2.4 (0.2) 3.8 (0.3) 0.59
We inspected all the lines in the data cube and find 3 distinct
regions (position 1, 2, and 3 in Figure 3) that are representative
of the emission in the regions (see Table 1 for the line param-
eters). We do not see evidence for the weak absorption feature
detected by van der Tak et al. (2012a) at 5.5 km s−1 – and as-
cribed by them to absorption by foreground atomic gas – pre-
sumably because of the more limited signal to noise ratio (S/N)
in our data, that has been revealed by van der Werf et al. (2013)
in the HI counterpart. The strongest absorption feature peaks at
5 km s−1 that is a few km s−1 broad. Position 1, toward the HII
region (top panel in Fig. 3) reveals an HF emission line peaking
at 8.5 km s−1 and a width of 3.5 km s−1. The HF profile toward
the molecular cloud, position 3, peaks at 10 km s−1 (Fig. 1), sim-
Fig. 3. Upper panel shows HF spectrum toward HII region at position 1
and Gaussian fit, which is in red. The middle panel, position 2, shows
the spectrum at HF peak, which has also been studied by van der Tak
et al. (2012a). The components of HF lines is given in Figure 7. Finally,
the bottom panel, position 3, shows the spectrum observed toward the
molecular cloud.
ilar to the main component at the peak of the HF emission, that
is, position 2.
The velocity at position 1 corresponds to the velocity of the
[C ii] 158 µm line (9 km s−1) rather than the CO background gas
(10 km s−1; Pabst et al. (2019)). Hence, the HF emission origi-
nates in the PDR evaporative flow from the background molec-
ular cloud as traced by the [C ii] emission. The typical width of
the HF emission is ∼4 km s−1 and does not vary systematically
with position across our map (see Figure 4). Hence, the HF emis-
sion is likely associated with interclump gas, which typically has
∼4–5 km s−1 wide emission lines (Nagy et al. 2013). In contrast,
the width of emission lines originating in the dense clumps is
typically ∼2–3 km s−1.
4. Analysis
The HF J = 1→ 0 transition has a critical density (109 cm−3)
much higher than the gas density (105 cm−3) in the Orion Bar.
Thus the HF line is sub-critically excited, and hence the derived
column density and abundance are sensitive to physical condi-
tions, that are, density (n) and temperature (T ). Therefore, we
have modeled the HF lines to determine the column density.
4.1. Column density
We used the RADEX non-LTE radiative transfer code that has
been developed to infer physical parameters such as temperature
and density, based on statical equilibrium calculations (van der
Tak et al. 2007). RADEX is available for public use as part of the
Leiden Atomic and Molecular Database (LAMDA; Schöier et al.
2005). The input parameters are kinetic temperature (Tkin), gas
Article number, page 3 of 12
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Fig. 4.Upper panel: The map of the central velocity of the HF. There are
two velocity component of the HF in the strip map. The V = 10.7 km s−1
component is moving with the Orion Bar itself since it has same veloc-
ity distribution. Bottom panel: FWHM map of HF J = 1→ 0 which
represents a distribution of the width of 4 km s−1.
density (nH2 ), and molecular column density (Ncol). In addition,
the FWHM of the line, collisional partners and their collisional
data, and radiation field (CMB with or without dust emission)
have to be specified as input parameters.
We consider three collision partners for the RADEX models,
namely atomic H, H2, and electrons. We use the new rate coef-
ficients for the HF-H system by Desrousseaux & Lique (2018)
which are provided between 10 and 500 K. Yang et al. (2015)
published rate coefficients for p-H2 with HF for temperatures
up to 3000 K. The previous coefficients for the HF-H2 system
provided by Guillon & Stoecklin (2012) are consistent with the
more recent Yang et al. (2015) results, and hence we use the
coefficients of Guillon & Stoecklin (2012). Based on quantum
mechanical calculations of collisional cross sections for the e-
HF system by (Thummel et al. 1992) for T > 500 K, van der
Tak et al. (2012a) estimated the excitation rate by electrons for
HF ∆J = 1 at T < 500 K.
For the Orion Bar, we adopt the mean gas temperature as
120 K (Tauber et al. 1994), and the density as 105 cm−3 based
on previous observations (van der Tak et al. 2012a; Nagy et al.
2013). We calculated the column density at each position in the
HF integrated intensity map iteratively to fit the observation for
the construction of the column density map in Figure 5 where
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Fig. 5. The map of the HF column density in the J = 1 level. Only
cosmic microwave background (CMB) emission is considered as back-
ground emission where Tbg = 2.73 K.
only CMB emission, T = 2.73 K, is considered as background
emission.
We have also run models which include a contribution from
dust, which has a temperature between 35 − 70 K in the Orion
Bar (Arab et al. 2012). To that end, we have fitted the observed
far-IR dust Spectral Energy Distribution (SED) at different loca-
tions (see Appendix A.1 for the chosen positions and SEDs) and
fitted those with a modified black body (cf., Arab et al. (2012))
and used those parameters to describe the IR radiation field in
our RADEX analysis. We have investigated the (excitation) ef-
fects of the IR radiation field. To that end we have assembled
the IR spectral energy distribution from Herschel observations
and included this in the RADEX models. The results are insen-
sitive to the IR radiation field because dust is highly optically
thin (τ ∼ 0.02) at three positions. Hereby, we report in Fig. 5
the results of our models using only the CMB as a background
radiation field (see Appendix A for details). RADEX calculates
the optical depth for HF J = 1-0 is 9.6 at N(HF) = 1014 cm−2.
Our models take line trapping into account as RADEX allow us
to quantify this.
Figure 6 shows how variations in the gas temperature and
density affect the derived HF column density focusing on the HF
peak. The derived column density is inversely proportional to the
temperature over the range 70 − 120 K (see Figure 6). However,
as the temperature of the gas is much better constrained than the
density, the main (systematic) uncertainty in the column density
is due to the uncertainty in the density. Given the high critical
density of the J = 0→ 1 line of HF, the derived column density is
inversely proportional to the density of the gas over the relevant
density range (104 − 5 × 106 cm−3; Figure 6).
4.2. Spatial distribution of HF
In Figure 8, we compare the spatial distribution of HF with other
species: [O i] 6300 Å (Weilbacher et al. 2015) traces the ion-
ization front, H13CN J = 1→ 0 traces dense clumps in the PDR
from Lis & Schilke (2003), and 13CO J = 3→ 2 traces molecular
gas in the PDR (Tauber et al. 1994). For this, we use a crosscut
starting from θ1 Ori C through the HF integrated intensity strip
map in Figure 2. We find that the HF emission peaks between the
ionization front and the dense molecular gas in the PDR (Fig. 8).
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Fig. 6. Effect of the assumed gas temperature from 70 to 120 K and H2
density from 104 to 105 cm−3 on the estimated column density of HF
based on the RADEX models.
HF has a flat intensity distribution at offsets between 75
′′
and
100
′′
toward the HII region while its intensity is decreasing to-
ward the inner part of the molecular cloud. As evidenced by its
shifted peak velocity, the emission toward the north west of the
strip scan is likely due to the background PDR behind the HII re-
gion (Salgado et al. 2016; Goicoechea et al. 2016). We describe
the components of the HF lines with a sketch of the Orion Bar
(see Figure 7). The cross cut in Fig. 8 clearly illustrates that the
HF emission straddles the region separating the [C ii] 158 µm
and the 13CO J = 1→ 0 emitting zones.
5. Discussion
In this section, we address the observed morphology of the HF
emission in the Orion Bar. For this, we created chemical and
excitation models along the strip map.
Fig. 7. Sketch of the Orion Bar. HF emission is observed toward the HII
region background molecular cloud originated due to inclination of the
Orion Bar. The three example of HF spectra from 3 positions are given
in Fig. 3. The figure is not to scale.
5.1. Collisional excitation
The observed morphology of the HF map reveals a ridge of emis-
sion that separates the peak of the H2 and the C+ emission near
the front of the PDR from the molecular emission deeper in.
Moreover, the peak of the HF emission is well displaced from
the dense clumps traced in H13CN. Hence, we attribute the HF
emission to the interclump gas with a typical density of 105 cm−3
and a temperature of 120 K (Tauber et al. 1994; Hogerheijde
et al. 1995). This is supported by the rather broad (4 km s−1)
HF line which is characteristic for interclump gas (Nagy et al.
2013, see Section 3). To test this hypothesis, we now compare
our observations to the results of a PDR model.
5.1.1. HF abundance
We have run the Meudon PDR code (Le Petit et al. 2006) for
a one-dimensional, plane parallel, constant pressure model illu-
minated on one side by a strong radiation field to determine the
spatial distribution of fluorine-bearing species in the PDR. The
Meudon code provides the abundances of the major species as
a function of depth in the PDR. We have used these results to
determine abundances of atomic F, HF, and CF+, using a chemi-
cal model (Neufeld & Wolfire 2009). Specifically, HF is mostly
formed in the exothermic reaction of F with H2 and destroyed by
C+ and UV photons (Fig. 9). The dominant reactions playing a
role in the HF abundance are:
H2 + F HF + H
HF + hν H + F
HF + C+ CF+ + H
CF+ + e C + F
The Meudon PDR code calculates self-consistently the temper-
ature for an isobaric model. The results show that the HF abun-
dance increases at the PDR surface between 0 < Av < 1 when
atomic H is converted into H2. HF becomes the major fluorine
bearing species at a depth Av > 0.5 where it contains ∼90% of
the gas phase F; that is, X(HF) = 1.8 × 10−8 relative to H-nuclei
(Fig. 9).
Using the calculated H, H2, and e abundances from the PDR
model, we have calculated the excitation of the J = 1 level of HF
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Fig. 8. The spatial distribution of different tracers along a crosscut which was chosen over the Orion Bar where the layered structure of the Orion
Bar can be seen. The plot starts from θ1 Ori C which is the main ionizing member of the Trapezium stars. The spatial resolution of HF, [OI],
H13CN, 13CO, [C ii], and H2 is 18.1
′′
, 0.2
′′
, 9.2
′′
, 22
′′
, 11.4
′′
, respectively.
with RADEX as a function of depth in the PDR (see Fig. 10). We
focus on the range of Av of 1.2 and 5.8 as we were only able to
extract the gas temperature from 12CO observation of the Orion
Bar (Tauber et al. 1994). We find that the J = 1 level population
is typically 0.07 within this range. This low level population re-
flects the high critical density of the J = 1→ 0 transition. The
level population is not very sensitive to the H-to-H2 conversion
near Av = 0.5 as both species can readily excite HF J = 1. This
is a result of a coincidental balancing of the availability of col-
lision partners with their collisional rate coefficients (Guillon &
Stoecklin 2012; Thummel et al. 1992; Desrousseaux & Lique
2018; Reese et al. 2005). Deeper in the PDR, the J = 1 level
population drops. Essentially, this reflects the steep drop in tem-
perature in the model, T  E10/k as the J = 1 level cannot be
easily collisionally excited anymore. Anticipating the discussion
below, we note that over most of the bright HF emission region
of the PDR, excitation is mainly due to collisions with H2 with
a small (15%) contribution by electrons. Atomic H is not impor-
tant as a collision partner as H is not abundant in regions where
HF is abundant.
Using the PDR model abundance for HF and the excitation
results from RADEX, we can calculate the intensity of the HF J
= 1→ 0 line. For this calculation, we have to specify the column
density of HF along the line of sight. We adopt a line-of-sight
length scale of 0.26 pc, derived by Salgado et al. (2016) from
their analysis of the IR emission from the Orion Bar. With this
length scale and our adopted density of H-nuclei, the total col-
umn density is 8 × 1022 cm−2. Over much of the PDR, the total
column density of HF is thus 8 × 1014 cm−2. The model with
N(HF) = 8 × 1014 cm−2 near the peak predicts a line intensity
of 1.89 K at 120 K. We have compared the integrated intensity
from RADEX with the observations at the peak of HF. Now, we
only need to discuss the drop in intensity deeper in the cloud.
The calculated model intensity distribution is compared to
the observations in Figure 11. With this choice for the HF col-
umn density, we reproduce the observed intensity at the peak
well. The drop in intensity toward the surface – caused by the
drop in HF abundance – is also well reproduced by the model.
Fig. 11 shows the comparison of two RADEX models with our
observation. However, while the observations show a drop in in-
tensity deep in the cloud, the model underestimates the observed
HF intensity. In the model, this drop in intensity is a direct con-
sequence of the steep drop in temperature since the PDR model
underestimates the temperature at the surface (Shaw et al. 2009;
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Fig. 9. Upper panel: Abundances of HF, C+, H2 and electron with
UV density corresponding to a Meudon PDR model with a pressure
of P = 108 cm−3 K. The one illuminated PDR model is considered.
The radiation field of χ = 2.6 × 104. Lower panel: The abundance of
F and the ratio of HF with F and CF+ are given to figure how much of
F and CF+ is pushed in to HF. It must be noted that X(F) denotes the
abundance of atomic fluorine while in the ratios for the total gas phase
fluorine (F + CF+ + HF) abundance. The dashed magenta line shows the
gas temperature (Tgas) shown on the right-hand y-axis in both panels.
Pellegrini et al. 2009). The calculated temperature, 20 K, is much
less than the temperature derived from 12CO observations, 40 K
(Tauber et al. 1994). We have calculated a model where we never
let the temperature drop below 40 K (Fig. 10) and this model re-
produces the HF observations well even in the deeper cloud.
Our model reproduces well the observed spatial distribution
of the HF emission in the Orion Bar. The ridge of HF emission
is an interplay of two factors: the steep rise in the HF abundance
when H is converted into HF and the drop in temperature deeper
in the PDR when the CO abundance rises and gas cooling is
more efficient. Namely, cooling is dominated by CO the deep
in the cloud as C+ is not important anymore because C is con-
verted into CO. [OI] cooling is not important as the gas tempera-
ture is too low. We conclude therefore that, qualitatively, the HF
J = 1→ 0 line measures the presence of warm dense, CO-dark
molecular gas. Quantitatively, the observed intensity is a strong
function of the H2 density and the column density of HF. We
emphasize that the observations measure the HF J = 1 column
density well. The total HF column density scales then inversely
with the adopted density (cf., Fig 6). Conversely, if we were to fix
the total HF column density, then we could adjust the density to
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Fig. 10. HF J = 1 level population as a function the depth between Av=
1.2–6, that is, gray-shaded area. The rest does not reflect proper calcu-
lation. The J = 1 population is calculated based on the three RADEX
models. Blue line shows the model includes only H2 as collisional part-
ner. Red curve shows the model consisting of H2 and electrons as col-
lisional partners. The model consisting of H2, electron, and atomic H
does not effect the level population that indicate atomic H is not impor-
tant for HF excitation at this range. The temperature values shown on
right-hand y-axis
are taken from Tauber et al. (1994). See the text for the detailed
discussion.
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Fig. 11.Comparison of RADEX models with the HF observation. While
green curve shows the HF observation, orange curve show the RADEX
model we created with the temperature taken from Tauber et al. (1994).
Red curve shows a second RADEX model where we use the temper-
ature calculated by Meudon code. We run these models with the same
input parameters except for the temperature to figure out the relative im-
portance of the temperature. The temperature is warmer than the model
predict in the deep cloud. Since we are unable extract the tempera-
ture profile near the surface from 12CO observations because CO is not
formed, we have only focused on the decreasing profile of HF between
Av = 1.2−5.8, that is, gray-shaded region, for this comparison. The rest
does not reflect proper calculation. See the text for detailed discussion.
reproduce the observed intensity. Our observations cannot break
this degeneracy.
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5.2. Infrared pumping
It has been suggested that the HF line may be excited by infrared
photons through the v = 1→ 0 fundamental vibrational band at
2.55 µm given the brightness of the Orion Bar at this wavelength
(van der Tak 2012b). We compare the vibrational pumping with
the collisional excitation of the HF J = 1 level. This mechanism
is effective if
(nlBlu − nuBul)Jnear−IR = nlnγlu (1)
where the Bs are the Einstein coefficients for absorption and
stimulated emission, Jul the mean intensity of the near-IR radia-
tion field, and γlu is the collision probability for pure rotational
transitions, which depends on the velocity of molecules in the
gas and hence the kinetic temperature. nl and nu are the num-
ber densities of HF in the lower and upper energy state respec-
tively, and n is the number density of collision partners in the
gas. The left-hand side of the equation gives the near-infrared
net pumping rate and the right side is the collisional excitation
rate. When the left-hand side is greater than the right-hand side,
infrared pumping is important. If we ignore stimulated emission
as at this low critical density, most of the HF molecule will be in
ground state, Eq. 1 simplifies to,
Jnear−IR = (
Arot
Avib
)(
2hν3
c2
)(
n
ncr
)exp[−hν/kTk]. (2)
We have used the Infrared Space Observatory (ISO) Short
Wavelength Spectrometer (SWS) spectrum of the Orion Bar
(Bertoldi et al. 2000), which is labeled as D8 in the archive2.
From the spectrum, we estimate the surface brightness of the
Bar at 2.55 µm where the HF vibrational ground state transi-
tion lies. The aperture size of SWS is 14′′ × 20′′, and the flux
density at the D8 position is 6.16 Jy which corresponds to a sur-
face brightness of 9.24×10−14 erg s−1 cm−2 Hz−1 sr−1. At 120 K,
pumping rate equals 7.38 × 10−11 s−1 from the left side of Eq. 1.
γ01 which corresponds to γ10(g0/g1)exp(-hν/kT ) that is equal to
4.43 × 10−11 cm3s−1 of the HF molecule where g0 and g1 are
the statistical weights of the lower and upper level, respectively.
The collisional excitation (4.43 × 10−6 s−1) is much bigger than
the excitation by infrared photons (7.38 × 10−11 s−1). Therefore,
infrared photons do not play a role in the excitation of HF in the
Orion Bar.
5.3. Chemical Pumping
The third possibility is chemical pumping, where HF is primarily
formed in the J = 1 or higher states at a reaction rate similar to its
radiative decay (van der Tak 2012b). To produce HF emission by
chemical pumping, the HF formation rate (R = kchem n(H2) n(F))
must equal or exceed the collisional excitation rate of the 1→
0 line. The reaction rate coefficient (kchem) is equal to 7.78 ×
10−12 cm3 s−1 at 120 K based on Neufeld & Wolfire (2009). The
density of F is constrained by the total amount of fluorine, 1.8 ×
10−8 relative to H (Simón-Díaz & Stasin´ska 2011), that is, n(F)
= 1.8×10−8×n(H2) = 1.8×10−3 cm−3 where we assumed n(H2)
is equal to 1 × 105 cm−3 in the Orion Bar. Comparison of the
chemical pumping rate (7.78× 10−7 s−1) with the collisional rate
(nγ01 = 4.43 × 10−6 s−1) for HF J = 1→ 0 demonstrates that
collisional excitation is more important. Chemical pumping does
not play a role in the excitation of the HF J = 1 level.
2 https://irsa.ipac.caltech.edu/data/SWS/spectra/sws/69501409_sws.tbl
6. Summary
We have determined the most efficient excitation mechanism for
HF emission and compared its spatial distribution with other
tracers in the Orion Bar. We find that:
1. HF emission peaks between the ionization region and the
dense gas in the Orion Bar. The line width of HF indi-
cates that HF emission emerges from the interclump medium
which has a density of 1 × 105 cm−3.
2. Our model studies shows that the observed peak intensity
and the morphology of the emission is well reproduced by
collisional excitation by H2 molecules with a minor contri-
bution by electrons (∼15%) while IR pumping or chemical
pumping plays no role in its excitation.
3. The observations reveal a bright ridge of emission that strad-
dles the boundary between the [C ii] 158 µm and the CO
emission. This morphology reflects the steep rise of the
HF abundance near the surface and the drop in temperature
deeper into the PDR.
4. The HF J = 1 level population peaks in the region where
the CO molecule, the common tracer of H2, has a low abun-
dance. Such regions are called CO-dark H2 gas (Madden
et al. 1997; Grenier et al. 2005). We conclude that HF emis-
sion traces CO-dark molecular gas, especially from PDR sur-
faces, as H2 has to be abundant for the formation of HF. In
other words, HF J = 1→ 0 can be used to trace CO-dark
H2 gas between Av = 1.0–3.5 in the Orion Bar. Studies of a
wider sample of PDRs will help develop HF as a tracer of
CO-dark molecular gas and assist in the interpretation of HF
observations of luminous nearby galaxies and high redshift
galaxies.
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Appendix A: SEDs of Three Positions in the HF map
To determine the spatial distribution of dust temperature and col-
umn density in the Orion Bar, we use Herschel PACS (70 µm
and 160 µm) and SPIRE (250 µm, 350 µm, and 500 µm) maps.
All maps are convolved to the SPIRE 500 µm beam size of 39
′′
FWHM. To construct the SED of the Orion Bar, we choose 3
positions within the HF integrated intensity map (see Figure 2).
The flux densities are modeled as a modified blackbody,
I(λ) = B(λ,Td) τ0
(
λ0
λ
)β
Here, Td denotes the effective dust temperature, τ0 the dust op-
tical depth at the reference wavelength λ0, and β the dust grain
opacity index. The reference wavelength (λ0) is the position of
the HF 1232.476 GHz. Td and τ0 are free parameters. Here, we
assume that the dust emission is optically thin. The dust emis-
sivity index (β) is fixed at 1.7 in all models (Arab et al. 2012).
We fit the fluxes with a modified blackbody at three different po-
sitions. In front of the Bar, position 1, the fitted temperature is
49 K and it decreases slightly to 43 K in the Orion Bar, position
2. The temperature in the deeper cloud, position 3, is similar to
the temperature in the Bar.
We run two RADEX models at the HF peak, position 2. In
the first model, we run RADEX considering only CMB emis-
sion. For a gas kinetic temperature of 120 K, this model predicts
an intensity for the HF J = 1→ 0 line of 1.97 K. The second
model where we only added the IR radiation field coming from
dust at 50 K to CMB also predicts same intensity for the HF
J = 1→ 0 line, that is, 1.97 K. The RADEX models show that
FIR pumping by 50 K warm dust is not important. More detailed
models have been developed by Shaw et al. (2009) involving
detailed temperature profile, but we feel that this is outside the
scope of this paper. We elected a more straightforward approach
by Salgado et al. (2016). Following Salgado et al. (2016), dust
IR emission optically thin at all positions. Subsequently, CMB
emission is only used in the models.
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Fig. A.1. SED of three positions within the HF map as labeled in the
Figure 2.
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Table A.1. Line parameters and column densities of the spectrum at found each pixel.
R.A.(J2000) Dec.(J2000)
∫
Tmb∆V VLSR ∆V Tmb Ncol Ncol (50 K) Ncol (35 K)
(h:m:s) (
◦
:
′
:
′′
) [K km s−1] [km s−1] [km s−1] [K] 1015 [cm−2] 1015 [cm−2] 1015 [cm−2]
5:35:19.6 -5:24:24.6 3.62 ± 0.24 8.97 ± 0.09 2.63 ± 0.19 1.29 0.50 1.10 1.11
5:35:19.1 -5:24:24.6 3.62 ± 0.24 8.95 ± 0.10 2.95 ± 0.21 1.15 0.48 1.09 1.10
5:35:18.5 -5:24:24.6 4.04 ± 0.27 8.27 ± 0.13 4.22 ± 0.33 0.90 0.53 1.20 1.21
5:35:19.6 -5:24:32.8 3.44 ± 0.18 8.88 ± 0.08 2.89 ± 0.17 0.12 0.46 1.04 1.04
5:35:19.1 -5:24:32.8 3.55 ± 0.19 8.88 ± 0.08 3.16 ± 0.18 1.05 0.47 1.07 1.07
5:35:18.5 -5:24:32.8 4.04 ± 0.26 8.35 ± 0.14 4.26 ± 0.30 0.89 0.56 1.20 1.21
5:35:18.0 -5:24:32.8 4.02 ± 0.28 8.31 ± 0.16 4.32 ± 0.34 0.87 0.52 1.20 1.21
5:35:20.2 -5:24:41.5 3.95 ± 0.22 9.41 ± 0.11 4.05 ± 0.25 0.91 0.52 1.18 1.19
5:35:19.6 -5:24:41.5 3.59 ± 0.16 8.87 ± 0.08 3.44 ± 0.16 0.98 0.47 1.07 1.08
5:35:19.1 -5:24:41.5 3.73 ± 0.13 8.54 ± 0.06 3.57 ± 0.13 0.98 0.49 1.11 1.12
5:35:18.5 -5:24:41.5 3.94 ± 0.15 8.37 ± 0.07 3.79 ± 0.15 0.97 0.52 1.18 1.19
5:35:18.0 -5:24:41.5 4.09 ± 0.20 8.33 ± 0.11 4.16 ± 0.22 0.92 0.54 1.22 1.23
5:35:20.8 -5:24:50.4 2.76 ± 0.17 9.87 ± 0.07 2.60 ± 0.19 1.00 0.36 0.83 0.83
5:35:20.2 -5:24:50.4 3.15 ± 0.17 9.54 ± 0.07 2.89 ± 0.21 1.02 0.41 0.94 0.95
5:35:19.6 -5:24:50.4 3.73 ± 0.17 9.33 ± 0.08 3.73 ± 0.19 0.93 0.49 1.11 1.12
5:35:19.1 -5:24:50.4 4.14 ± 0.15 8.87 ± 0.08 4.35 ± 0.18 0.89 0.54 1.23 1.24
5:35:18.5 -5:24:50.4 4.62 ± 0.15 8.26 ± 0.07 4.14 ± 0.15 1.05 0.61 1.38 1.40
5:35:18.0 -5:24:50.4 4.98 ± 1.22 7.71 ± 0.62 3.68 ± 1.30 1.27 0.66 1.51 1.52
5:35:21.4 -5:24:59.0 7.12 ± 0.35 9.67 ± 0.11 4.73 ± 0.28 1.41 0.97 2.17 2.19
5:35:20.8 -5:24:59.0 4.55 ± 0.17 9.87 ± 0.07 3.62 ± 0.15 1.18 0.61 1.37 1.39
5:35:20.2 -5:24:59.0 3.17 ± 0.14 9.85 ± 0.07 3.40 ± 0.17 0.87 0.41 0.94 0.95
5:35:19.6 -5:24:59.0 3.52 ± 0.11 9.50 ± 0.06 3.92 ± 0.13 0.84 0.46 1.05 1.05
5:35:19.1 -5:24:59.0 3.74 ± 0.20 9.10 ± 0.10 3.87 ± 0.25 0.90 0.49 1.11 1.12
5:35:18.5 -5:24:59.0 4.42 ± 0.23 9.02 ± 0.12 4.69 ± 0.29 0.88 0.58 1.31 1.33
5:35:21.4 -5:25:07.3 8.61 ± 0.17 10.50 ± 0.04 3.86 ± 0.08 2.09 1.23 2.73 2.75
5:35:20.8 -5:25:07.3 7.09 ± 0.16 10.27 ± 0.05 4.17 ± 0.10 1.60 0.97 2.19 2.21
5:35:20.8 -5:25:07.3 5.65 ± 0.14 9.98 ± 0.05 4.28 ± 0.12 1.24 0.76 1.71 1.73
5:35:19.6 -5:25:07.3 4.08 ± 0.19 9.86 ± 0.09 4.05 ± 0.20 0.94 0.53 1.22 1.23
5:35:19.1 -5:25:07.3 3.76 ± 0.13 9.34 ± 0.08 4.27 ± 0.16 0.82 0.49 1.11 1.12
5:35:22.0 -5:25:16.0 8.66 ± 0.20 10.57 ± 0.05 3.88 ± 0.09 2.09 1.24 2.74 2.76
5:35:21.4 -5:25:16.0 9.35 ± 0.19 10.53 ± 0.04 3.87 ± 0.07 2.27 1.35 2.99 3.01
5:35:20.8 -5:25:16.0 8.93 ± 0.14 10.52 ± 0.03 3.87 ± 0.07 2.17 1.28 2.84 2.86
5:35:20.2 -5:25:16.0 8.51 ± 0.20 10.20 ± 0.05 4.41 ± 0.11 1.80 1.19 2.66 2.68
5:35:19.6 -5:25:16.0 6.51 ± 0.22 10.01 ± 0.08 4.77 ± 0.18 1.28 0.87 1.98 1.99
5:35:22.5 -5:25:25.0 5.34 ± 0.20 10.50 ± 0.08 4.00 ± 0.15 1.25 0.71 1.62 1.63
5:35:22.0 -5:25:25.0 6.06 ± 0.18 10.62 ± 0.05 3.73 ± 0.11 1.52 0.83 1.87 1.88
5:35:21.4 -5:25:25.0 7.79 ± 0.15 10.58 ± 0.04 3.88 ± 0.08 1.89 1.09 2.44 2.46
5:35:20.8 -5:25:25.0 8.72 ± 0.16 10.57 ± 0.04 3.94 ± 0.08 2.08 1.24 2.76 2.78
5:35:20.2 -5:25:25.0 9.17 ± 0.21 10.52 ± 0.05 4.19 ± 0.10 2.05 1.30 2.90 2.92
5:35:19.6 -5:25:25.0 9.14 ± 0.43 10.20 ± 0.11 4.27 ± 0.21 2.01 1.29 2.88 2.90
5:35:22.5 -5:25:33.7 4.43 ± 0.20 10.40 ± 0.09 4.13 ± 0.22 1.00 0.58 1.33 1.34
5:35:22.0 -5:25:33.7 4.99 ± 0.16 10.51 ± 0.06 3.99 ± 0.13 1.17 0.66 1.51 1.52
5:35:21.4 -5:25:33.7 5.79 ± 0.12 10.48 ± 0.04 3.94 ± 0.09 1.38 0.78 1.77 1.78
5:35:20.8 -5:25:33.7 7.14 ± 0.17 10.49 ± 0.05 3.95 ± 0.10 1.70 0.99 2.22 2.23
5:35:20.2 -5:25:33.7 8.17 ± 0.21 10.55 ± 0.05 3.95 ± 0.11 1.94 1.15 2.57 2.58
5:35:23.1 -5:25:42.0 2.85 ± 0.20 10.15 ± 0.12 3.39 ± 0.26 0.79 0.37 0.84 1.85
5:35:22.5 -5:25:42.0 3.36 ± 0.17 10.29 ± 0.10 3.77 ± 0.21 0.84 0.44 0.99 1.00
5:35:22.0 -5:25:42.0 3.35 ± 0.13 10.10 ± 0.08 4.01 ± 0.17 0.78 0.43 0.99 1.00
5:35:21.4 -5:25:42.0 4.17 ± 0.16 10.39 ± 0.09 4.39 ± 0.18 0.89 0.54 1.24 1.25
5:35:20.8 -5:25:42.0 5.40 ± 0.16 10.30 ± 0.06 4.26 ± 0.14 1.19 0.72 1.63 1.64
5:35:23.7 -5:25:50.7 2.17 ± 0.33 9.63 ± 0.20 2.71 ± 0.57 0.75 0.28 0.64 0.64
5:35:23.1 -5:25:50.7 2.75 ± 0.22 9.73 ± 0.14 3.87 ± 0.38 0.68 0.35 0.81 0.81
5:35:22.5 -5:25:50.7 2.24 ± 0.13 9.83 ± 0.10 3.51 ± 0.22 0.60 0.29 0.66 0.66
5:35:22.0 -5:25:50.7 2.37 ± 0.16 10.07 ± 0.13 3.77 ± 0.29 0.59 0.30 0.69 0.70
5:35:21.4 -5:25:50.7 2.35 ± 0.17 9.91 ± 0.15 3.92 ± 0.29 0.56 0.30 0.69 0.69
5:35:23.7 -5:25:59.7 1.82 ± 0.35 9.52 ± 0.24 2.24 ± 0.64 0.76 0.23 0.54 0.54
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Table A.2. continued
R.A.(J2000) Dec.(J2000)
∫
Tmb∆V VLSR ∆V Tmb Ncol Ncol (50 K) Ncol (35 K)
(h:m:s) (
◦
:
′
:
′′
) [K km s−1] [km s−1] [km s−1] [K] 1015 [cm−2] 1015 [cm−2] 1015 [cm−2]
5:35:23.1 -5:25:59.7 1.75 ± 0.31 9.52 ± 0.21 2.26 ± 0.65 0.73 0.22 0.52 0.52
5:35:22.5 -5:25:59.7 1.91 ± 0.17 9.35 ± 0.15 3.40 ± 0.35 0.53 0.24 0.56 0.56
5:35:22.0 -5:25:59.7 1.35 ± 0.15 9.71 ± 0.17 2.87 ± 0.38 0.44 0.17 0.39 0.39
5:35:21.4 -5:25:59.7 2.33 ± 0.28 9.82 ± 0.20 3.82 ± 0.42 0.57 0.30 0.68 0.69
5:35:23.1 -5:26:07.8 2.06 ± 0.27 9.97 ± 0.26 3.48 ± 0.51 0.56 0.26 0.60 0.60
5:35:22.5 -5:26:07.8 2.08 ± 0.28 9.35 ± 0.20 3.40 ± 0.49 0.58 0.27 0.61 0.61
5:35:22.0 -5:26:07.8 1.78 ± 0.25 9.18 ± 0.26 3.55 ± 0.52 0.47 0.22 0.52 0.52
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